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ABSTRACT 
This report describes studies of the impregnation of nickel plaque to form nickel cad- 
mium battery plates. Three basic processes were examined: (1) chemical conversion of the 
nitrates to the hydroxides, (2) the method first described by Fleischer, and (3) electrochen? - 
ical conversion at 25 OC. The aim was to define the procedures and preparative coaditiocs 
that would give r i se  to the most uniform components in a reproducible manner. 
The variables considered were solution concentration for chemical conversion, cur -  
rent density for the Fleischer method, and the loading for both methods. These variables 
were chosen for more detailed study from a previous preliminary examination of impregnation 
methods. The plates were examined in terms of uniformity and reproducibility of weightgain, 
capacity, and utilization. The determination of utilization demanded chemical analysis oC the 
active materials. Since analytical procedures a re  not well defined in the literature, signrfi- 
cant effort was devoted to the development of reproducible and accurate analytical n~ethods, 
For negative plates, both the charged and discharged forms of the active rnatelriai are 
readily determined since the ionic form [Cd(OIH)2] dissolves readily in ammoniacal NH46;l 
whereas cadmium metal is unaffected. After separation, the two forms of cadmium are deter- 
mined by EDTA titration. 
A similar approach to the analysis of the positive electrode resulted in sigmificarr 
errors  due to corrosion of the nickel substrate. A novel approach involving potentiostat;~ 
control of the plate during the extraction process successfully eliminated the corrosion pre- 
blem, but its application is limited to analysis of the plate in the discharged state, For this 
reason and because both the charged and discharged species a r e  soluble in any extractiorl soT~,- 
tion, a separate determination of the state of charge is necessary. The method used depended 
on the determination of the active oxygen equivalent by reaction with potassium iodide and 
subsequent estimation of the iodine formed with sodium thiosulphate. It was established chat 
it is  critically important not to wash and dry the electrodes prior to analysis. Plaque corro- 
sion is also another potential source of error  in this determination. Specific techniques are  
described to minimize these errors. However, even with these precautions, determinatson; of 
the state of charge by a chemical method still gives a figure lower than that defined by d ~ s -  
charge. It is concluded, therefore, that the only guide to utilization of positive active m;m?riaI 
is a measurement of the amount of material that is not discharged (in terms of residual active 
oxygen) when the plate is in the nominally discharged state. 
iii 
It was concluded from the experimental data collected on the impregnation methods 
tila1 more uniform and reproducible plates were prepared by the chemical conversion proccss. 
For the positive plates, the less concentrated impregnation solution a re  to be preferred. No 
dlstrnccion could be drawn for the negatives. Plates prepared by the electrochemical process 
wer2 noticeably lower in reproducibility and uniformity. 
Is should be stressed, however, that these a re  interim assessments, based on capacities 
measured after up to ten cycles and h w e  not included factors such as  cycle life or behavior 
under sealed cell conditions. 
It is also apparent from the data that uniformity and reproducibility of weight gain and 
capacity improve with loading, suggesting that there is a leveling effect (as might be expected). 
Mors surprisingly, utilization was found to be independent of loading up to quite high levels. 
From a limited amount of data, plaque thickness was found to have no influence on uniformity. 
Plaque eor r~s ion  during impregnation was more extensive for the chemical conversion process. 
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I. INTROWCTION 
The aim of this program is the definition of a systematic procedure for producing mi- 
form components for nickel cadmium cells. The first  phase (described in earlier reporrs) 1 
emphasized the production of uniform porous nickel plaque for both loose sintering and a s4urr>i 
coating process, and the development of experimental techniques to identify uniform physical 
characteristics. Of the two processes, the slurry coating process is  preferred for prodr~ctioc 
of plaque to be used in a study of the factors considered important in the impregnation of plaque 
with active materials to produce battery plates. 
This second phase of the program has considered the methods by which the active 
materials a r e  incorporated into the nickel plaque to produce both positive and negative plates, 
The active material for the positive plate is precipitated as nickel hydroxide and for the nega- 
tive plate as  cadmium hydroxide. The purpose of the study of the various methods of Irnpregsra- 
tion described here is  to determine which one offers the best control of the quantity a d  distri- 
bution of the active materials in the pore structure. Good distribution and also optimum 
morphology a r e  important to effective utilization of the active material. In the ablsence of good 
utilization, uniform operational characteristics over an extended cycle life a r e  prohMy not 
attainable. 
The basic methods for impregnation rely on the conversion of soluble salts of nicEceE or 
cadmium into the insoluble hydroxides in the pore structure of the nickel plaque, Various 
methods a r e  used to effect the conversion. The most widely used is straightforward chemical 
conversion.2 After vacuum impregnation with nickel o r  cadmium nitrate, the plaque is c'ried 
and then immersed in hot potassium hydroxide. The process is repeated several ames until 
the required loading is achieved. The method, documented by Fleischer, involves a variant 
of the chemical conversion process in which substantial cathodic currents a r e  applied to the 
plate during the immersion in potassium hydroxide. For this procedure, the plates a r e  not 
dried after impregnation with nitrate. The cathodic current produces a rapid increase in pH 
in the pore structure by reduction of nitrate and thereby localizes the precipitation of the 
hydroxide. For the negative plates, the cathodic current also converts some of the hydroxide 
to metallic cadmium. Because this has a lower specific volume than cadmium hydroxide, 
there i s  a greater void volume in the plate for the next impregnation cycle. A third method, 
also used commercially, is based on vacuum impregnation with a very concentrated solutron 
of nickel nitrate. This solution is  produced by dissolving the nitrate in its own water of 
crystallization a t  a temperature of about 65 " C .  (For this reason, the method is  sometimes 
described a s  molten salt impregnation.) The nitrate i s  then partially thermally decomposed 
to a hydrated oxide before immersion in potassium hydroxide to complete the conversion to 
tile hydroxide. The greater quantity of nickel sal t  introduced into the plaque structure in this 
approach means fewer impregnation cycles for a particular loading. 
425 A further method by which the conversion may be effected is purely electrochemical. 
7'hc p l a q ~ e  is  cathodized in 2Mnickel or cadmium nitrate. The local increase on pH in the plaque 
strvcture brings about the precipitation of the hydroxide. 
A s  stressed previously, precipitation of the active materials in the pore structure does 
not necessarily mean that they can be effectively utilized in the charge discharge process. In 
any assessment of plate performance, it i s  therefore quite important to define the utilization 
of rhe active materials. For  this reason, considerable effort in this program was devoted to 
defining analyrical techniques to determine the quantities of active material that were actually 
cycljng. For  thenegative plate, it will be demonstrated that this i s  a straightforward process, 
but the combination of nonintegral stoichiometry and Faradaic inefficiency of the positive plate 
makes she lat ter  a much more  complex problem. 
This report describes the analytical methods that were developed, the procedures 
used In the impregnation processes, and presents a comparative survey of tbe results obtained. 
11. CHEMICAL ANALYSIS OF NiCd BAmERY PLATES 
A. Introduction 
Two criteria are  normally used to assess the effectiveness of impregnation processes: 
(1) weight gain, and (2) capacity. For the objectives of this program, these two figures alone 
a r e  not considered to be sufficient characterization to ensure uniform behavior, particularly 
a s  function of cycle life. The problem is associated with the inefficiency of the charge-dis- 
charge processes, which can be a function of the morphology of the active materials or  their 
distribution in the plaque structure on a microscopic scale, * i.e., the conditions prevailing 
during impregnation. The inefficiency may be real in that there is a secondary Faradaic pro- 
cess (e.g., O2 evolution on charge) or apparent when some of the active material does not 
cycle. This latter behavior can be a result of electrical isolation, chemical changes, or  passi- 
vation. It is, therefore, desirable to be able to identify those areas of the plate that do not 
cycle efficiently in order to be able to identify truly uniform behavior. This information can be 
obtained by careful chemical analysis of the active materials. It is, of course, necessary to be 
able to identify the charged and discharged states independently. This is relatively straight- 
forward for the negative plates, but is  quite complex for the positives. Before these problems 
can be discussed, it  is worthwhile to examine the nature of the active materials in detail. 
The positive active material in the discharged state is well characterized as divalent 
hydroxide. Ni(0H) is isomorphous with the cobalt compound, Co(0H) 2, and has a lattice of 
the Cd12 type.6 'This is a layer structure in which every Ni atom is  surrounded by six hydroxyl 
groups. Every hydroxyl group in turn forms three bonds to Ni  atoms in its own layer and, at 
the same time, is in contact with three hydroxyls of the adjacent layer, Ni(0H) generally 
contains varying amounts of water up to Ni(0H) 1.5 H20. 
A significant advance was made when Bode, et al., following work of Feithecht, 8 
were able to identify the hydrated and nonhydrated forms of the discharged material by differ- 
ences in the X-ray patterns. The two forms, Ni(0H) and Ni(0H) * 1.5 H20, are  desigaated 
B Ni(0H) and a Ni( OH) 2, respectively. The a Ni(0H) 2, on oxidation, gives an X-ray pattern 
*Macroscopic deviations in the distribution would be apparent from an analysis of the 
weight gain per unit area of different regions of the plaque. 
identical in all respects to that of Y NiO OH* reported by Glemser and ~ i n e r h a n d . ~  The water 
of hydration is assumed to be occluded in the layer lattice, increasing the layer separation and 
thereby giving a distinctive X-ray pattern. The a Ni(Of12 either occurs as  the freshly pre- 
cipitated form of the active material or  in the discharged state after cycling which has involved 
extensive overcharge, i.e., the normal cycling mode (including overcharge) in a sealed cell, in 
descriptive terms, is between the y NiO . OH and (Y Ni(0H) 2. 
The P Ni(Of12 which is formed by aging of the a form (drying plates at  elevated tempera- 
tures accelerates this change) gives, on oxidation, the trivalent nickel oxide P NiO . OH; over- 
charge then brings about a gradual change to the Y NiO - OH. The y form, which exists in an 
oxidation state greater than three, then generates the a Ni(ON2 on discharge. The continued 
presence of a Ni(OH)p in a plate on cycling is, however, dependent on extensive overcharge in 
each cycle. Cycling without overcharge is between the j? forms of both the charged and dis- 
charged state. 
It has been suggested that the higher oxides derived a re  stabilized by the presence of 
10 positive ions between the lattice layers, e.g., [Ni303(0H)3] (Of12K, where ~ + o c c u ~ i e s  an 
"interstitial" position in the layer lattice structure equivalent to the position of the water in 
(Y Ni(Ow2. The stability of the higher valence forms of y-Ni00H.i~ dependent on the presence 
of concentrated alksli electrolyte. The distribution of potassium in charged positive active 
material has been confirmed by the electron microprobe studies of Kober. 11 
At normal temperatures, the charged hydrated form (Y NiO . OH) is stable, probably be- 
cause of hydrogen bonding. Infrared measurements12 show hydrogen bonding of OH groups in 
the lattice, but these bonds a re  absent in the completely discharged state. Dehydration of the 
divalent o Ni(0W2 can therefore occur relatively easily13 and, according to Bode, l4 irrever- 
sibly in concentrated KOH at elevated temperatures. 
The exact nature of the charge-discharge mechanism is still a matter of dispute. 15, 16 
One view is that the charging process may be regarded simply as  the replacement of OH- in 
2 - the lattice of 0 , which involves proton migration only. However, the determination of the 
overall stoichiometry and measurements of the reversible potential imply that the transition 
that should be considered is: 
Ni(0I-I) + H20 - NiO OH + K o', 
where the water involved is in the lattice structure but not necessarily linked in any strict 
stoichiometric relationship to the nickel atoms. 
+ For this mechanism, the mobile species would be H30 , probably as  proton migration 
and separate diffusion of water. The rate  of diffusion of water is likely to depend on the inter- 
layer lattice separation. The nature of the positive active material is then depe~dent on its 
crystalline form, which in turn depends on the conditions of precipitation and the charge-dis- 
*The notation of a Ni(OH)2 for the hydrated discharged state and y NiO . OH for the 
related charged form will be retalned in this presentation to remain consistent with the original 
literature, Tuomi uses "a phase" to designate the y -nickel hydroxy-oxide of Glemser and 
Einerhand. 
charge cycles. Most probably the charge-discharge process depends on cycling between 
p Ni(Ow2 and P NiOOH but in the presence of extensive overcharge the y form of NiOOH is 
formed. (In the complex pore structure of a battery plate, it is probably that some regions, 
e.g., close to the surface, go into overcharge conditions before the full-rated capacity is 
reached. This is because of the influence of the distribution of current density in the pore 
structure on local potential differences.) 
The nature of the negative active material is  more straightforward - the charged state 
is metallic cadmium and the discharged state is Cd(Of12, i.e., there is no problem in defrning 
stoichiometry. Two crystalline forms of Cd(OH)2 exist: the C6 form, and a form fairly re- 
cently identified by Glemser, Hauschild, and ~ i che r t l ' l  and called y Cd(Of12. Glernser, ct al., 
prepared Y Cd(OEI)2 by the hydrolysis of cadmium dimethyl, but there a r e  indications thac 
y Cd(OH) can be precipitated under certain impregnation conditions particularly at low tern- 2 
peratures. ~ o t t l i e b ' ~  and Okinaka and ~ h i t e h u r s t ' ~  have described circumstances in which 
charge acceptance in the first cycle at low temperatures is markedly decreased compared to 
normal temperature operation, but recovers in subsequent cycles. From this we may infer 
that the characteristics of Cd(OH)2 a r e  quite dependent on the conditions under which it is pre- 
cipitated. This could apply equally well to the chemical precipitation during impregnation as 
to the "electrochemical precipitation" during discharge. 
In the analysis of nickel cadmium battery plates, therefore, the components w e  are  
2 -1- interested in a r e  CdO, cd2+ and NiO (plaque) in the negative plate; and, at the positive, Ni , 
Ni (2+x)+* + , K , HZO, adsorbed or  occluded O2 and the nickel metal of the plaque. Ciear:jf :he 
positive plate is a much more complicated problem. 
Analysis of the negative plate is readily carried out by selective dissolution of cz.drnium 
hydroxide with subsequent determination of the amount dissolved by complexometric titrataon. 
The metallic residue of cadmium and nickel may be dissolved in nitric acid and the tvvo con- 
ponents of the solution determined again by complexometric titration. Analysis is uncomp;icated 
except for the electrodes close to being fully charged that a re  difficult to wash and dry withoilt 
oxidation. 
2 4- For the positive plate in the green state (prior to formation), the components are  N i  , 
NiO, and water. As will be demonstrated, analysis at this stage is straightforward if certain 
precautions a r e  taken. In the charged state which is characterized by nonintegral stoichia - 
metry, the value of x in Ni (2+x) + can range from one to nearly two. * Determination of t h e  
value of x poses a particular problem in that the highest valent states a r e  stable only In thz 
presence of KOH at  the particular concentration at which they were formed. Any dilution a f  The 
electrolyte prompts a self-discharge reaction coupled with the evolution of oxygen. Thus, al- 
though sophisticated methods have been described for determination of the state of charge, e-g., 
infrared absorption intensities, l2 these do not represent the true value in situ because wash- 
ing and drying is a necessary precursor to the measurement. This factor will be exarnincd 
in more detail below. In the discharged state, the value of x is never zero, i. e., the plate 
* 
~ i ( ~ + ' ) + ,  represents the nonstoichiometric charged state of the positive plate. 
cannot be reduced to a uniquely divalent state. Knowledge of the value of x in the discharged 
stat@ is essential to define the behavior for plates prepared under different circumstances. Its 
determination by any of the methods to be discussed is relatively straightforward since the 
ccsmp:ication of the self-discharge process does not exist. 
The residual valence in excess of two can, however, present problems in determining 
the total qual~tiw of active material in the plate. This occurs because all the methods of deter- 
lrninarion depend on dissolution by complexation of the nickel in ionic form while leaving the 
meeayiic nickel substrate unattacked. However, the substrate is readily attacked in the pre- 
sence of ann ejlectroreducible species such as  the residual charged material in the following man- 
qer, 'The presence of residual charge is probably a result of isolation by the completely dis- 
charged state Ni(OI-I)2, a poor electrical conductor; but, as  the source of isolation is dissolved, 
.she e ectroreducible species is exposed. Simultaneously, the passive film protecting the nickel 
subst:ate, which is an ionic form of nickel, is also dissolved. Local cell action between the 
charged materlial and the nickel substrate can result in dissolution of the nickel substrate, re -  
sulrini; in a significant error  in the determination." As will become apparent, the error  is 
compo~~tanded in any attempt to determine the constitutional water in the active material. 
The problem of corrosion of the substrate does not occur in the analysis of the negative 
plane since the rest  potential in both the charged and discharged state is below that at  which 
nickel dissolution can occur. 
1.i: is worthwhile to examine the published work in this field. In most cases, the objective 
was a better understanding of the mechanism of the nickel electrode and of the n a l r e  of the 
positzve active material. The analytical chemistry was for the most part only one facet of the 
studye In this context, the comments a r e  quite enlightening as  far a s  the practical problems 
s r e  concerned. 
yiiorni2' in a study of the mechanism of the positive active material of pocket plate 
batteries made X-ray diffraction measurements paralleled by chemical analysis to determine 
she active oxygen content (the charged state of the positive electrode may be considered as  
bound active oxygen usually denoted [ 01 ) .21 For both the X-ray measurements and the chemi- 
cal analjrsis, ir is stressed that the samples were not washed free of alkali. In the case of the 
X - r a y  measurements, the samples were allowed to dry (with the KOH being converted to 
carbonate) and the nickel flake was removed magnetically. The chemical analysis for active 
~xygen was carried out by reaction with arsenious oxide and back titration with KMn04 with- 
out washing, and apparently, without removal of the nickel flake. As stated by Tuomi, 
Y'Sarnples were not washed free of electrolyte since this generally caused a slight decrease 
:n valence state a s  well as  decreasing the analyzed nickel content of the sample." In a further 
comment, when considering the more rapid rate of reaction with alcohol of an electrode 
directly after removal from the cell, compared to one that had been dried, Tumoi states that, 
I- 
"1's appears certain that the valence state of3.48 is appreciably less than is possible with CY* 
phase at she end of electrolysis." 
* See footnote, Page 4. 
?' This number corresponds to the (2fX) figures quoted on the previous page. 
- 6 -  
Kober, l2 in his studies of positive plates by infrared spectroscopy, worked with 
impregnated sintered plates. Samples were prepared for spectroscopic analysis by grinzing. 
To test whether this process altered the electrochemical activity of the sample, the powder 
was discharged in a pocket plate electrode and the capacity compared with a simjiliar sintared 
plate. (The sintered plate was subjected to the same drying process as  the powdered mcateria4,) 
A 25% loss in capacity was observed. Kober considered this effect to be minor from the point 
of view of his investigation, but i t  i s  obviously significant in any quantitative deternrninatmn of 
the state of charge and must rule out any process that demands drying of the plate, 
~ i a ~ '  in a study of structure and stoichiometry of nickel hydroxides developed an 
elegant method of determining the total active material in a sintered plate using a nnagnetac 
balance. Active oxygen was determined by the iodine-thiosulphate method. According te the 
experimental section of the paper, the determination was carried out on dried powdered ~1fi.c- 
trode material. However, for the correlation with capacity measurements, determination of 
active oxygen was carried out on unwashed electrodes and without the separation fronr netalltc 
nickel. (Particular care  is needed in carrying out the iodine-thiosulphate estimation in the 
presence of metallicnickel. This is  discussed in the context of Harivel's work belaw,: Aia 
also noted that 80% of the active oxygen was lost in 1 h r  on washing in a continuous extractor 
with boiling water. 
Wynne Jones, 22 and Conway and  attar^^ have used analytical techniques to examine 
thick films of nickel oxide on nickel. Conway considered that the iodometric determinaelon 
used by Wynne Jones presents difficulties and notes that the metallic nickel dissolves iaa che 
acidic medium. (Bro and  ogle^^^ state that the pH range must lie between 1 and 2. Abljvs 
pH 2, i t  was found that the higher nickel oxide was not completely reduced.) It is more likely.. 
however, that dissolution of nickel is a result of interaction with the tri-iodide ion than 3 
direct attack and is  thus a serious source of e r ror  in the active oxygen determination, Cc>nway 'S 
approach was to determine the extent of oxidation of an ammonical solution of hydk-az,ne (by 
back titration with permanganate) by the electrode in the charged state. Careful deoxygcmtion 
was necessary to minimize the oxidation of metallic nickel. For extensive reaction tlmcs, 
catalytic decomposition of hydrazine to ammonia was observed. Principally for this l a t e r  
reason, Conway considered the method unsuitable. The iodide method was also termed ~ n -  
satisfactory. A method for determining total nickel content of the active material is ,  however, 
described byconway in which higher valent states a r e  reduced in hydrazine prior io dissolu- 
tion in KCN to be determined spectrophotometrically.25 Correction curves for the loss of 
metallic nickel as  a function of immersion time in both hydrazine and the cyanide were c&- 
tained under conditions where oxygen was extremely carefully excluded from the systerr 
(Extrapolation of these figures obtained for thin films on a wire to a sintered plaque 0,030 rn 
2 thick, 80% porous and a typical surface area of 0.12 m /g would result in a 2% werght lcss ol 
metallic nickel in 1 hr. For most plate extractions, i t  i s  unlikely that oxygen could be effec- 
tively kept out of the system, so that the losses could be higher.) 
narivela6 introduced a modification to the iodine thiosulphate approach to determine 
raies of self discharge of active oxides formed at  different charge rates and subject to 
dl-l~erent thermal treatments. In his method, the iodine liberated by the active oxygen was 
tivated against thiosulphate almost immediately. The thiosulphate was added 5 ml at a time, 
a m  the t m e  interval to the reappearance of the yellow color of the iodine noted. This techni- 
que sho~dd prevent interaction between the tri-iodide ion and the metallic nickel and eliminate 
shc potential e r ror  in the active oxygen determination. 
~ r o ~ e r "  has recently presented methods for the determination of active oxygen and 
sstd nickel content of positive active material. The active oxygen measurement depends on 
rex t ion  with a solution of ferrous ammonium sulphate. Since this method demands washing 
(and in ICroger's description vacuum drying) of the electrode, it is subject to the criticism 
przse-ated above that the figure obtained bears no relation to the real state of charge in the 
cell, The determination of total nickel was carried out by leaching with acetic acid in the 
presence of hydrazine sulphate. 
B, Negative Plate Analysis 
The discharged state of the negative plate Cd(0H) (o r  CdO) may be extracted from a 
s inkred plate using Muspratt solution." Metallic cadmium is unaffected, a s  is the nickel plaque 
at the rest  potential of the cadmium electrode. The plates previously washed and dried out of 
contact with ai r  and containing approximately 1 g Cd(0H) were immersed in 200 ml of 
Marspratt solution at 70 to 80 OC and stirred occasionally. Additional ammonium hydroxide was 
added to the solution periodically to make up evaporative losses? After 1 hr,  the extraction 
solution was replaced, the original solution being retained in a volumetric flask. When no 
further weight loss was observed ( a s  was always the case within a total of 2 hr  extraction 
time), [he plaque was removed and the extraction solutions combined. The total cadmium 
consent of the extraction solution was then determined by titration against EDTA using Erio- 
chrome Black T a s  the indicator. 
The nickel plaque containing metallic cadmium was then completely dissolved in nitric 
acli, After the evaporation of most of the acid, the residual solution was dissolved in 100 ml 
warer and adjusted to pH 10 by the addition of NH40H. The total cadmium was then again 
deccrrnined by EDTA titration. The following procedure is  necessary to determine cadmium 
in %e presence of nickel. Both the cadmium and the nickel a r e  first complexed with sodium cyanide 
by adding 10 mil of 10% NaCN to 10 mil of the original solution. At this time, the addition of 
Eriochrome Black T gives a blue color. Approximately 10 ml of formaldehyde was then added 
to areak the cadmium cyanide complex to produce a deep red color. (Under these conditions, 
4k The composition of Muspratt solution is defined in Appendix L 
? 'This is  particularly important in the analysis of plates containing a nickel plated iron 
substrate, to prevent dissolution of the iron. In other respects, the analytical procedures 
described in this report a re  applicable equally well to plates on both nickel and iron substrates. 
the nickel remains complexed.) The free cadmium was then titrated against EDTA, the end 
point being denoted by a purple color. The complete experimental procedures involved in 
negative plate analysis a re  presented in Appendix L 
Typical analyses a r e  listed in Table L The first column lists the weighdunit area of 
the plate after impregnation. Separate determination of Cd(OH)2 and Cd by the technique 
described above gives the figures listed in columns 2 and 3. In order to assess the accuracy 
of these measurements, we may combine them to give a total weight of active material. Sub- 
tracting this from the original plate weight (column 1) will give a figure for the weighdunit 
area of the plaque (column 6). This can be compared to the measured weighdunit area of the 
plaque prior to impregnation (column 7). Good agreement is obtained even though six separate 
physical measurements a r e  involved. There is an indication of a small systematic error  in 
that values (with one exception) recorded in column 6 a re  higher than in column 7. It is worth 
noting the importance of chemical analysis of assessing plate uniformity. For the first two 
samples, there is a 4% difference in the total weight of active material as  dadrnium plus cad- 
mium hydroxide, but the agreement is better than 1% when measured as  total Cd content. The 
figures also indicate that there is little corrosion of the nickel plaque in the impregnation of 
negative plates by the Fleischer method. Since no extensive efforts were required to develop 
the techniques to a satisfactory level of accuracy, no further results will be catalogued here. 
C. Positive Plate Analysis 
The principal problem in positive plate analysis, a s  discussed in the introduction, is 
to ensure complete extraction (separation) of the active material from the nickel plaque with- 
out simultaneously dissolving the plaque. In the presence of a ir  o r  any active material in the 
charged state, the rest  potential of the plate is such that the dissolution of metallic nickel is 
prevented only by the presence of a passive film of nickel oxide. Since the common methods 
of extraction of the active material, using complexing reagents, also result in dissolution of 
the passive film, corrosion of the nickel substrate is a very real potential error  in the deter- 
mination. 
To assess the practical significance of the problem, we examined the straightforward 
-. . ..- 28 
application of the Muspratt extraction technique, a s  'described by Moore, to physical mixtures 
of Ni(0H) and carbonyl nickel powder of well defined composition. The Ni(0H) was carefully 
dried. X-ray determinations indicated that it contained no water. 
The analysis was carried out a s  follows. The extraction of solution was prepared by 
dissolving 10 g ammonium chloride in 250 ml of distilled water and the solution warmed to 
80" C. Seventy-five ml of 28% ammonium hydroxide was then added. The sample was 
immersed in the extraction solution and the temperature maintained a t  80" C. The extraction 
of active material was allowed to proceed for 3 hr. Asroximately 25 ml of 28% ammonium 
hydroxide was added for each hour of the extraction. The whole process was then repeated 
several times with fresh extraction solution until no further coloration was observed. Finally 
the sample was washed, dried, and weighed. The amount of active material was determined 
from the net weight loss. The results obtained for mixtures containing 40 and 50% nickel 
Plate Weight 
g/cm2 
Table I, Check on Analytical Methods for Negative Plates 
Cd Content, 
g/cm2 
(4) ( 5 )  (6) 
Total Weight of 
Active Material, g/cm 2 
(1 - 4) 
(2 + 3) Plaque Weight 
As Cd + Cd(OH)2 As Cd g/cm2 
Mean values: 0.170 
Plaque Weight Prior 
to Impregnation, 
g/cm2 
hydroxide and for 100% nickel powder a r e  given in Table II. (The 40 and 50% mixtures are close 
to the ratio of active material to nickel plaque in a typical positive electrode.) The observed 
weight loss for both the 50% mixtures examined gave an apparent active material content of 
60.1%. For the mixture containing 40% active material, the apparent content was %o,o%, En 
both cases, there is a positive error  of approximately 10% which must be attributed to corros~on 
of the nickel. The weight losses for the two samples of pure nickel powder exposed to the ex- 
traction solution for the same period of time resulted in substantial weight losses, 14% for the 
Type 287 powder and 18.4% for the higher surface area Type 255 powder. Reduction of thc: sur- 
face oxide in H2 at  600 "C showed only a 1.3% loss in weight. The lower percentage weight 
losses observed for the physical mixtures, as opposed to the pure nickel powders, are probably 
a result of masking of the nickel surface by the finely divided Ni(0H) 2. This effect would re- 
sult in some protection of the nickel substrate in a positive plate, but it i s  still considered that 
the corrosion would be significant. 
Table 11. Analysis of Physical Mixtures of 
Ni(OH)2 and Carbonyl Nickel Powders 
Sample Method Apparent Wt % Ni(QW2 
50% Ni(0W2, 50% Ni (287) Muspratt 
50% Ni(Ow2, 50% Ni (287) Muspratt 
50% Ni(OH)2, 50% Ni (287) Muspratt 
40% Ni(OH2, 60% Ni (287) Muspratt 
Weight Loss 
Muspratt 
Muspratt 
Reduction in IJ2 at 
600 "C 
A further criticism of the method is that, since the stoichiometry of the active material 
is ill-defined (particularly after i t  has been cycled), and since the active material contains an 
unknown quantity of water the true nickel content of the active material cannot be determined 
accurately. This number is essential to a calculation of charge efficiency or utilbaeion, 
Also in these preliminary studies, measurements were carried out on positive plates 
(in the discharge state) removed from an aerospace cell, but in this case the extraction solu- 
tion was 0.5% KCN out of contact with air. This extraction process is based on a ~netgicad due to 
Brummet and I - I ~ l l w e ~ ~ ~  for the determination of oxide films on nickel. It has the advantage that 
the quantity of nickel in solution is very conveniently determined spectrophotometrically, as  the 
cyanide. The ultraviolet absorption a t  286 mp obeys Beer's law over a wide range of concentra- 
tions. However, the weight losses observed in the extraction process never reached a plateau 
value, i.e., continuous corrosion of the nickel substrate occurred resulting in values a s  high as  
63.4% ( see  Table 111) for the active material. llSubsequent analysis of similar plates under con- 
ditions where nickel dissolution could not take place showed an active material content between 
35 and 45%. Two extractions carried out with Muspratt solution also showed high values for 
the weight loss. 
Table 111. Anqlysis of Positive Plates from Aerospace Cell 
Sample No. Extraction Method 
KCN 
KCN 
KCN 
KCN 
Muspratt 
Muspratt 
Extraction Time, Hr Weight Loss, % 
Exclusion of a i r  from the solutionduring the extraction of these positive plates did not 
produce a significant difference in the weight percent loss. This was attributed in part to the 
presence of adsorbed oxygen on the high surface area active material and to the fact that the 
positive active material can never be discharged completely to the divalent form. (The un- 
discharged material becomes activated a s  the protective film of Ni(0H) is dissolved during 
extraction.) The straightforward Muspratt extraction o r  extraction with KCN is therefore con- 
sidered an unsuitable method of determination of the active material in the positive plate. 
Two modifications to the mthod  were considered. The first of these was to carry out 
the extraction in the presence of a reducing agent that would in theory, remove the electt-0- 
reducible species which a r e  a necessary adjunct to the nickel corrosion process. 
The materials examined were hydrazine and sodium borohydride. In the first  case, the 
hydrazine was found to be ineffective possibly because of the high pH of the Muspratt solution. 
A separate pretreatment with hydrazine at  lower pH followed by extraction in Muspratt solution 
resulted in significant losses of active material by complexation with hydrazine. 
This need not have been an obstacle to the development of an acceptable method but the 
procedure defined below i s  considered to be more effective and straighrfomard. Since this 
work was carried out, a method of positive plate analysis using acetic acid in the presence of 
hydrazine has been published, 27 but it does require that the electrode be crushed and the metal- 
l ic nickel be removed magnetically prior to dissolution (see further discussion later). 
In the case of sodium borohydride, it was found that spontaneous decomposition oc- 
curred and that the extraction process was complicated by side reactions with the decomposi- 
tion products. 
The second modification of the basic method to counteract the effect of the presence of 
electroreducible species involved potentiostatting the positive plate at a low positive poteratia1 
during the extraction process. The first step in defining this technique was to establish time 
potential range in which no nickel dissolution could occur. A current potential scan was ear- 
ried out on a pure nickel plaque in Muspratt solution containing divalent nickel. 
2 The 5-cm plaque was first held at 0.0 V versus the reversible hydrogen electrode (RHB) 
while N2 was bubbled through the solution. The initial cathodic current corresponding to re -  
2 .  duction of dissolved O2 decayed to less than 0.1 mA/cm in a matter of minutes. This small 
cathodic current was maintained up to a potential of - +lo0 mV versus RHE when the current 
became anodic. The anodic current then increased until, at +300 mV versus RIIE, it reached 
2 
a value of 5 mA/cm . This value subsequently decreased for further increase in potextial but 
2 
remained significant at - 1 mA/cm (see Fig. 1). From this behavior, we may deduce chat the 
passive film normally formed on nickel at potential between 200 and 300 mV versus RHE is not 
stable in Muspratt solution. However, below +I00 mV versus RHE, no dissolution s f  nickel 
takes place. We considered the possibilities that: (1) as  the concentration of nickel increased 
during the extraction process, nickel might be electrodeposited from solution, and (2) further 
reduction of the discharged active material to metallic nickel could also occur. With regard to 
the latter point, ~ r o n e n b e r ~ ~ '  has reported that reduction of Ni(OH)2 does not take place until 
the H2 evolution potential is reached. In practice, we have found that, at 4-25 mV versus RHE, 
2 
we observed a cathodic current of between 2 and 4 mA for a 5-cm plate. This current v ~ a s  
most probably due to oxygen reduction, but even if it corresponded to nickel deposition (Irsrn 
either process listed above) it would result in only 10 mg weight increase in the normal extrac-" 
2 
tion time of 5 hr, i.e., less than a 1% error in the extraction of a 5-cm plaque that weighed 
approximately 1 g. 
With the opportunity to ensure complete extraction of active material without c11e rzsk of 
corrosion of the substrate, it is possible to determine with a reasonable degree of accuracy the 
crystalline water content of the active material. The significance of the water content in terms 
of utilization and charge acceptance will be discussed in detail in the future. At this rime, it rs 
sufficient to note that this is an important aspect of positive plate analysis. Water content is 
determined by comparing the weight loss on extraction with the total nickel content of the ex- 
traction solution determined by dimethyl glyoxime. The procedure, for a plate of known weigfit 
2 
and approximately 5 cm in area, is immersion in 175 ml of Muspratt solution at 70 "C an a 
3 0 
four -necked flask under a potential control (Fig. 2). A dynamic hydrogen reference electrode, 
set up behind a glass frit, was used to establish the positive plate at a potential of 25mV versus: 
RHE. The counterelectrode of Pt, also behind a frit, was inserted in the third necK 06 the flask, 
Nitrogen was bubbled through the solution to minimize the effect of the oxygen evolved a: the 
counterelectrode on the extraction process. The extraction solution took on a distinct blue color- 
within 20 to 30 min and was routinely replaced with fresh solution after 1 hr. The extraction 
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Fig. 1. Current voltage curve for nickel plaque in Muspratt solution 
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Fig. 2. Extraction of active material from positive plate under potential current 
, 3 1 0 6 3 ~ ; ~ ~  was continued for 4 hr  or  longer if the blue coloration persisted. The nickel content of 
the combined extraction solutions was determined by precipitation with dimethyl glyoxime. The 
plaque after extraction was carefully washed, dried, and weighed to determine the total weight 
Boss, Comparison of the weighdunit area after extraction with the weighdunit area of the plaque 
ornor to impregnation gives a measure of the extent of plaque corrosion that took place during 
.E n ~ p r  As defined above, the water content of the active material is calculated 
lrom the weight of active material extracted and the nickel content as determined by dimethyl 
glyoxkrne, For Nit OH) * 1.5 H20 stoichiometry [ a Ni(0H) 2],  the water content would be 
22.6%,for Ni(OH)2 . H20 16.8% and for Ni(OH)2 0.5 H20 approximately 9%. Details of the 
cxpe-n irnentai procedure a r e  set  out in Appendix 11. 
In Table IV, some of the more interesting results a r e  set out. Samples l a  and l b  were 
adjacent pieces cut from the same plate; sample l a  was examined without control, for 1b the 
potential was maintained a t  25 mV versus RHE. The results indicate that in the case of the 
green plate (i.e., prior to formation and cycling) there is  not too great a problem in analyzing 
for active material content and that potential control is not essential ( a s  long as  a i r  is carefully 
excluded). Very good agreement was obtained for the two determinations; it is  interesting to 
note :hat the plaque weight after extraction is some 5% lower than the plaque weight prior to im- 
preg-na'rion, Since these plates were not cycled, this weight loss must represent the extent of 
corrosion of the plaque during the impregnation process. 
In contrast, samples 2a and 2b demonstrate the requirement for potential control once 
the plate has been formed or  cycled. The percentage weight loss of sample 2a is  some 2.5% 
greater :ham 2b. This can only be attributed to plaque corrosion since these a r e  adjacent Sam- 
ples irorn a plate of uniform weight distribution. The extent of corrosion is also reflected in an 
apparent increase in the percentage Ni(0H) in the plate as  calculated from the ~ i~ ' con ten t  of 2 
the extraction solution. For sample 2b extracted under potential control, the plaque weight 
after extraction was almost identical to that of the plaque prior to impregnation. Note that both 
the plates used for samples 2 and 3 were prepared by impregnation method that did not use 
nitric acid in the impregnation solution, so that little corrosion of the plaque would be expected. 
Sarnpies @a and 3b demonstrate the degree of improvement in the analysis of a discharged plate 
when the active material is  extracted under potential control. In this case, there is excellent 
ageernewt rn the determinationof Ni content in the active material. The slightly greater weight 
ioss &served for 3b can probably be attributed to an increased water content in the active 
material that was cycled. Samples 1 through 3 were listed to make the specific points above. 
Samples 4 and 5 a re  typical examples of results obtained routinely. Note that despite good 
agreement for the weight per unit area of these plates and the uniform weight loss, the actual 
~i~~conteiit of he active material is  significantly different. Some corrosion of these plaques 
1s ev1dent during impregnation. 
It is apparent from the data presented in Table IV that the determination of the water 
conrznt from the difference between weight loss and direct determination of ~ i ~ ' c a n n o t  have a 
Table IV. Analysis of Positive Plates 
Sample 
l a  
1 b 
2a 
2 b 
3 a 
3 b 
4 
5 
Comments 
Green plate 
Green plate 
Cycled plate in 
discharged statet 
Green platet 
Green pla te t  
Cycled plate in 
discharged statet  
Green plate 
Cycled plate in 
discharged state 
Potential Con- 
trol IXIring &- 
traction* 
No 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Plaque Wt, g/cm 2 
Plate Wt 
Before Extrac- After Before 
tion, g/cm2 Extraction Impregnation 
% wt Loss 
on 
Extraction 
% Ni(0I-f)~ 
by 
Analysis 
% H20 
in Active 
Material 
* Extraction in Muspratt solution at  70 "C, potential control at  25 mV versus RHE. 
Plates impregnated by Fleischer method without nitric acid in impregnation solution. 
jllgh degree of accuracy since it i s  derived as a small difference between two relatively large 
numbers, IHowever, the figures presented a re  not considered typical since no special pre- 
caurions were taken to ensure reproducible drying conditions from sample to sample. Further- 
+ 
more, for cycled plates, it is necessary to define the K content of the active material since 
this ~ii~ill also contribute to the weight loss and would be a source of error in the determination 
of waier content. In principle, therefore, it is possible to determine the water content of the 
posit;ve active material though no concrete examples of the technique are  presented here since 
2+ 
mar prime interest in this program is just to determine Ni . 
Bn more general terms, the conclusions we may draw are  that this technique of extrac- 
lion of positive ac:ive material under potential control provides a quantitative method for the 
deter mination of: 
1. The amount of active material in a positive plate 
2. The atom % ~ i ~ + i n  the active material 
3. The extent of plaque corrosion, both in impregnation and on cycling. 
The one limitation is that analysis under potential control can only be carried out with 
plare Ira its lowest possible state of charge. 
D, Determination of State of Charge of the Positive Plate 
A capability to determine the quantity of active material in a positive plate as  described 
a b v c  is useful in assessing the uniformity of an impregnation process. It does not, however, 
povide enough information to calculate the utilization of the active material since the stoichio- 
rnetly of the charged state i s  nonintegral ( a s  is the discharged state after cycling). Since both 
the croichionnetry and the distribution of the active material could be functions of the impregna- 
tion ,;arocess and conditions, it is desirable to be able to define which impregnation process and 
wP4ic-i conditions give rise to the most uniform and predictable behavior, i.e., a method of 
determining the state of charge i s  required. For reasons that will become apparent, rigorous 
definition of the state of charge is probably not attainable; theproblem again is one of an error 
caused by corrosion of the substrate. However, this error  can be minimized if certain experi- 
mental precautions a r e  taken. Then, if it is assumed that this systematic error  i s  a relatively 
consistent one, a useful analytical method is avialable for comparative purposes. 
The state of charge is commonly defined in terms of its active oxygen [ 01 equivalent. 
The standard method of determining active oxygen is to liberate iodine from a slightly acid 
soJ9Tion of potassium iodide, then to titrate the free iodine (present a s  r3- )  against a standard 
sslur'lon of sodium thiosulphate. 
dn the following, we will present the problems that occur in practice when this method 
is artzmpted and also discuss the precautions that can be taken to alleviate them. In the initial 
experiments, the procedure started with washing and drying the plate, followed by immersion 
in 25 rn; of a sodium acetate buffer at  pH 4.5 (20 g sodium acetate and 1 5  ml of glacial acetic 
acid made up to 200 ml) containing 5 ml of 25 wt % K1 solution. The flask was then sealed and 
left overnight. The free iodine was titrated against 0.05N sodium thiosulphate using starcin 
a s  an indicator a t  the end point. Typical results a r e  listed in Table V. Note that separate 
determinationof the Ni(0H) content of the plate by the method described above is  necessary. 2 2 The procedure adopted was to use a 10-cm sample of plate and use approximately half the 
sarnple for the Ni(0H) determination and half for active [ 01 measurement (uniform die tri- 2 
bution is  assumed for this size of sample). The apparent nickel valence was calculated from 
the mole ratio of [O]  to Ni(0H) assuming an equivalent weight of 8 for 101. 2 
Table V. Preliminary Determinations of State of Charge 
Wt/unit Area, Wt % ~t %LO] in 
Sample g/cm2 Ni( OH) 2 Active Material Apparent Ni ii;;laacc* 
Green plate 0.2113 17.2 
Charged state 0.2067 19.2 
Charged state 0.2055 14.0 
"Calculated from nickel valence = 2 + 2 mol [O] 
mol Ni( OH) 2 
It i s  immediately obvious that the apparent nickel valence in the charged state deter- 
mined by the method detailed above is  too low. Capacity measurements assuming lF'/rnoE 
Ni(0H) and 100% utilization indicated that the valence should be in excess of 3. (It  should 
also be noted that the three samples listed in Table V were not in any way related and were not 
intended to be a test of reproducibility.) 
Several effects were examined at  this time to try to explain the low values. These 
included: 
1. The extent of overcharge 
2. KOH concentration 
3. The number of cycles 
4. Time of reaction between charged plate and KI. 
These results will not be included since the values obtained showed little improvement, However, 
the trends observed did help to define improved analytical procedures. The active oxygen con- 
tent in contrast to the results reported b y ~ i a ~ l d i d  not show an increase with the extent of 
overcharge. Plates charged to loo%, 200%, and 300% exhibited random behavior giving rise to 
apparent Ni valancies of between 2.4 and 2.5. Increasing the concentration of KOH during ::he 
charging process from 25 to 30% showed an increase in active oxygen content of apprsximtsteiy 
20%. 
These two factors pointed to the serious source of error  associated with self discharge 
in the washing and drying process, particularly during the washing. There was also an apparent 
increase in active oxygen content on cycling even though the measured discharge capacities 
were approximately constant. It i s  now considered that this is  an artifact of the analytical 
prscc-.dure, possibly relatedto self-discharge rates, which could vary significantly in the first 
few cycles, 
Irateresting information was also obtained in the examination of the effect of contact 
z in~e  bemeen the charged positive plate and the acidified KI. The pattern of the results is 
shown In Fig. 3. The apparent active oxygen content increases with time up to 6 hr. It then 
decreases at a somewhat slower rate in an approximately linear fashion. Note that there is a 
significant decrease in [ O ]  between the maximum figure at  6 h r  (overnight) routinely used in 
_he procedure discussed above. (The values a r e  still low in comparison to the discharge data, 
Seca~se these plates were washed and dried before analysis.) The lower value obtained for the 
- 
active oxygen content after long reaction times is considered to be due to the reduction of I3 
by metaallic nickel. The charged plate i s  at a potential where the metallic nickel substrate would 
norm2ll;i be protected by a passive layer of nickel oxide. However, in the presence of acetate 
ions chi& can complex ~ i ~ + o r  even possibly potassium iodide, this passive film is  attacked 
and aiickel dlissolution can occur. The accompanying cathodic process could be either discharge 
- 
of active material o r  reduction of I3 . From the experimental behavior depicted in Fig. 1, the 
l a ~ f 3 ,  reaction must occur; it i s  also possible that the former reaction also occurs. The extent 
zo which the active material is  discharged is the systematic error  referred to in the preliminary 
discussion beginning this section. It will be considered in more detail below. 
As a result of the evidence presented above, two modifications were introduced in the 
analytical procedure. The first  was the elimination of the washing and drying step. Plates 
were transferred immediately on completion of the charge o r  overcharge process into the iodide 
solul_on, i,,e., self discharge on dilution and spontaneous self discharge on open circuit in KOH 
were kept to) a minimum. In contrast to the washing process in which bubbles of oxygen a r e  
forlned quite rapidly, immersion in the iodide solution did not result in gassing. 
The second improvement in the basic technique follows a recommendation of Harivel. 2 6 
Accumulation of 5 - in solution during the reaction with the positive plate is prevented by regu- 
lar addition of sodium thiosulphate. As soon as the solution change from colorless to the pale 
srraT~lT color associated with free iodine is apparent, a known small volume of thiosulphate is 
added, This procedure is followed until the reaction is complete. For a 1-g sample, the total 
reaction time is 6 to 7 hr. The end point for the thiosulphate titration was determined in the 
presence of starch. Note that in the latter part of the reaction it is important not to add too 
rnhcr? thiosulphate. 
h practice, the first improvement in the elimination of washing and drying was put into 
effei:r: before the latter. The results shown in Table VI show the marked effect of this change. 
i$ge ~ a l u e s  for the active oxygen content are, however, still considered to be low because of 
the \,em long contact times with the iodide. 
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Fig. 3. Variation of apparent active oxygen content as a function 
of contact time with acidified ICI 
Table VI. Effect of Washing and Drying of Sample on 
Active [ 0 ]  Determination 
Sample 
Weight Per Unit Wt % Wt % [ O] in ActiveMaterial* 
Area, g/cm2 Ni(0H) Washed and Dried Direct Transfer 
*Figures in parenthesis a r e  corresponding apparent nickel valencies. 
When the second improvement -s put into effect, the measured values for the active 
oxygen content showed a further increase to nearly 10% by weight of the active material. The 
revised procedure was then to transfer the plate, on termination of the charge o r  overcharge 
process, directly into the iodide solution.and to add 5 rnl of 0.025N sodium thiosulphate each 
time the color of free iodine was apparent in the solution. Initially, these additions were made 
a t  approximately 15 -min intervals, but lengthened considerably a s  the reaction proceeded. 
Some typical results obtained by this method a r e  presented in Table VII. 
The first point to establish from the results is that reasonable reproducibility is 
achieved with this technique. See for example samples 5, 6, and 7. However, in comparison 
with measured capacities, the values obtained for the apparent nickel valence a r e  too low. 
Consider for example sample 5. This sample contained 0.134 g of active material, determined 
a s  Ni(0H) on an adjacent piece of the plate in the discharged condition. We may then calculate 
a theoretical capacity based on the apparent nickel valence of 3.0 in the charged state and 2.2 
in the discharged state (from the figures of Table VII). This value is 0.031 Ahr. Since the 
measured capacity to a 1.0 V cutoff was 0.0385 Ahr, the analytical determination of the valence 
of the charged state must still be too low. 
The results otherwise show a high degree of internal consistency. The apparent valence 
increases with the extent of overcharge. The charging process up to 50%* is demonstrated to 
be much more efficient than the latter stages. The same apparent nickel valence is observed 
for the 100% charge and 150% charge. This probably reflects a greater attack on the nickel 
substrate for the morehighly charged plate. The small loss in capacity generally observed 
on open circuit stand is confirmed by a smaller active oxygen content for sample 4, compared 
to samples 5, 6, and 7. 
The somewhat high values of the valence in the discharged state to a 1V cutoff can 
probably be attributed to incomplete discharge at the relatively rapid C/2 discharge rates used 
in these experiments. Overdischarge for 15 min results in a more acceptable value. 
In view of the fact that the active oxygen determination in the charged state is still low, 
* Based on discharge capacity observed in previous cycle after 100% overcharge. 
Sample 
Table VIL Apparent Ni Valence as Function of Charge, 
Overcharge, and Overdischarge 
Charged State 
Sample 
% Charge at wt % [O] in 
C/2 Rate Active Material 
Discharged State 
Time of Over- wt % [0] in 
discharge, Min . Active Material 
Apparent 
Ni Valence 
Apparent 
Ni Valence 
* 20 min stand at open circuit prior to analysis. 
it is difficult to define active material utilization precisely. The active oxygen content of the 
disc1;arp-ed state gives some measure of material not cycling, but there a r e  no means to 
determine whether any divalent nickel is present in a fully charged plate. 
A s  a footnote, i t  might be added that attempts were made to follow weight changes in 
the pss~ t ive  plate during charge and discharge cycles, the objective of determining the extent 
4- 
of hydration of the charged active material. ( A  separate determination of K content was 
envisaged,) The results obtained using a Cahn electrobalance showed considerable hysteresis 
and very complex oscillatory phenomena in relatively small changes in weight. Time did not 
permit rigorous pursuit of this behavior. 
111. IMPREGNATION METHODS 
A. Introduction 
The aim of this study of impregnation methods was to define a systematic procedure tc 
produce uniform plates for nickel cadmium cells. 
The basic methods were outlined in the first  section of this report. The prime variables 
considered for each method were loading and the morphology of the active material, The plates 
were assessed in terms of the reproducibility and uniformity of weight gain/unit area, c-apacity 
and utilization, and the extent of plaque corrosion. 
B. Experimental Program 
The experimental program set up to study the influence of loading and morphoiogy in 
uniformity and reproducibility of plate characteristics consisted of the following: 
Fleischer Method 
Positives (PF series) saturated Ni(N03) + nitric acid, 25% KOH at 
80" C 
- 2,5,8, and 12 impregnation cycles, catl~odized 
a t  150 mA/cm2 
- 2,5,8, and 12 'mpregnation cycles, cathodized 
at 300 mA/cm B 
Negatives (NF series) saturated Cd(N03) + nitric acid, 258  KOH at 
80" C 
- 2,5,8, and 12 impregnation cycles, cathodized 
a t  150 d / c m 2  
- 2,5,8, and 12 'mpregnation cycles, cat'modized 
a t  300 mA/cm B 
Chemical Conversion 
Positives (PC series) 
Negatives (NC series) 
saturated Ni(N03) + nitric acid, 258 KOH at  
80" C 
- 2,5,8, and 12 impregnation cycles 
50% saturated Ni(N03) + nitric acid, 10% KOH 
at  80" C 
- 2,5,8, and 12 impregnation cycles 
saturated Cd(N03) + nitric acid, 25% KOH at  
80" C 
- 2,5,8, and 12 impregnation cycles 
50% saturated Cd(N03) + nitric acid, 10% IKOH 
a t  80" C 
- 2,5,8, and 12 impregnation cycles 
Modified Fleischer Method 
Positives (PCF series) saturated Ni(N03) + nitric acid, 25% KOH at 
80" C 
- 2,5, and 8 impregnation y c l e s ,  dried at 80" C, 
cathodized at  150 mA/cm . 
Electrochemical Method 
Positives (PE series) 
Negatives (PN series) 
4M Ni(N03) solution, 25" C 
- - 
- cathodized at  0.34A for 5, 10 and 20 min 
- .-- 
2M Ni(N03) solution, 25" C. 
2 2 
- cathodized a t  0.34A/cm , 0.42A/cm and 
0 . 6 8 ~ / c m ~  for 5, 10, and 20 min. 
saturated Cd(N03) solution, 25" C 
2 
- cathodized at 0.05 A/cm for 10, 20, 30 
and 60 rnin 
2 2 
- cathodized at  0.10 A/cm , 0.15 A/cm for 
5, 10, and 20 min. 
The objectives of the program were to define the uniformity and reproducibility of: 
1. Weight gain/unit area 
2. Capacity and utilization of active materials on cycling 
3. The extent of plaque corrosion 
as a function of the preparative conditions and loading of the active material. The preparative 
conditions a re  considered to control the morphology of the active material which in turn will 
affect utilization. The loading with active materials and their distribution in the porous mass 
are  also obvious factors to consider in defining utilization. 
C. Impregnation Procedures 
The basic methods of plaque impregnation have been described previously but will be 
repeated here for completeness. 
1. Fleischer process 
The equipment used for the impregnation process is shown in Fig. 4. It consists 
of an impregnation tank and reservoir for the impregnation solution. The vacuum lines permit 
the transfer of the impregnation solution to and from the impregnation tank. The plaques were 
mounted on a terminal post at the commencement of the process and inserted in the impregna- 
tion tank. The jar was evacuated for 5 min before the impregnation solution was drawn in. 
The tank was then opened to atmospheric pressure. After a 5-min soak period, the plaque was 
transferred directly into the KOH solution at 80 "C. The terminal post was inserted into a 
sleeve in the lid of the KOH bath and the necessary cell connections made before immersion 
so that the cathodic current flows immediately on immersion. The effect of this current is to 
- 
reduce NO3 ions in the plaque structure ensuring more complete conversion and localizing 
the deposition within the plaque structure. The KOH solution was open to the atmosphere only 
during the immersion of the electrode. At all other times, the surface of the solution was 
blanketed with N2 to prevent carbonate buildup. After immersion in KOH for 20 min, the plaque 
was removed into a beaker of distilled water. Subsequently, the plates were thoroughly washed 
by forcing distilled water through the plaque until the wash water in contact with the plate had 
a pH less than 8.0. No loss of active material was observed in this process, but if any losses 
did occur, we may assume that it was loosely adherent material that might not cycle efficiently. 
The plate was then dried and weighed and the whole process repeated. The basic conditions 
for this process were near-saturated nickel nitrate, 1534.6 g F I ( O H ~ ) ~  6 H20 dissolved in 
465.4 ml water with 4 ml of 70% nitric acid, 25% KOH at 80 OC, with a cathodization current 
2 
of 150 mA/cm . 
For negative plates, the basic solution was made up from 1456 g of Cd(N03)2 . 4 H20 
in 544 ml of water with 4 ml of 70% nitric acid. All other conditions were identical to those 
of the positive. 
2. Chemical conversion 
The chemical conversion of the nitrates to the hydroxides was carried out in 
almost identical fashion to the Fleischer process. The main difference was that, after vacuum 
impregnation with the nitrates, the plaques were dried for 2 to 3 hr at 80 OC. They were then 
immersed in KOH at 80 OC without cathodization. Solution compositions were as defined for the 
Fleischer process. 
Fig. 4. Vacuum impregnation apparatus 
3. Modified Fleischer approach 
A limited number of preparations were carried out in which the drying step of 
the chemical conversion approach was included in the Fleischer Method. The drying conditions 
were 2 to 3 hr at 80°C. 
4. Electrochemical conversion 
For electrochemical conversion, the plaque to be impregnated was mounted in 
a Teflon jig with two symmetrically disposed counterelectrodes of platinum gauze. The jig was 
immersed in either nickel or  cadmium nitrate, thermostatted at 25O C. Current was then passed 
through the cell with the plaque as  cathode. 
D. Plate Characterization 
1. Weight distribution of active materials 
The 5 x 2 1/2-in. plates were cut into three pieces of approximately equal size 
1 2/3 x 2 1/2 in. The areas were determined by projection onto squared paper, and the weight 
of each piece of plate measured. In the following presentation of the results, the pieces are  
labelled A, B, and C; with the top piece, i.e., the nearest to the current collecting tab in the 
Fleischer process, being piece A. 
2. Capacity measurements 
Capacity measurements were made on a section of piece A, approximately 
1 1/2 x 1 1/2 in., the remainder of the piece being used for chemical analysis in the green 
state. Capacities were determined in flooded cells with oversize counter electrodes. Both 
charge and discharge were carried out at the C/2 rate*:(i.e., a rate at which the plate would be 
discharged in two hours). To prevent overdischarge, particularly of the negative plates, dis- 
charge was carried out to a 1 V cutoff. Each plate received 100% overcharge based on the C/2 
rate. The plates were cycled until three consecutive cycles gave concordant values. ?his was 
usually achieved within six cycles for the positives and six to eight cycles for the negatives. 
3. Chemical analysis 
The procedures for chemical analysis a re  defined in the previous section. The 
negative plates prepared by the Fleischer method were examined in the green state (prior to 
cycling) to determine the relative quantities of cadmium and cadmium hydroxide. (Cadmium 
is produced &om cadmium hydroxide in the impregnation process during cathodization though 
the conversion.is not complete.) This determination is essential to define the total quantity 
of cadmium in the plate in order to calculate the utilization of the active material on cycling. 
*The rate selected in practice was defined as the C/2 rate based on weight gain. This 
does mean different current densities for widely different loadings. 
The positive plates were analyzed in the green state and in the discharged state after 
cycling; for the quantity of active material, its water content, and the extent of plaque cor- 
sosican, 
BET surface areas were measured using an Engelhard lsorpta for selected positive 
plates, 
E, Experimental Data 
The plate preparations carried out a re  defined on pages 2 5 and 26. The code letcers 
used are as follows: 
P - Positive 
N - Negative 
F - Fleischer method 
6 - Chemical conversion 
E - Electrochemical conversion 
The letters a and b are  used to denote the duplicate preparations made in each case. Thus, the 
code PCla represents the first preparation of a positive plate by chemical conversion according 
to the details set out in the data sheet. PClb represents the duplicate preparation. The modi- 
f ied Fleischer approach for the preparation of positive plates, in which the drying step of the 
cbernical conversion process is included, is denoted a s  PCF. 
1V. DISCUSSION 
A. Fleischer Method - Positive Plates 
A summary of the positive plate impregnation data by the Fleischer method is givzn 
'"'3en - in Table VIII. Comprehensive data sheets on each impregnation were presented in an A,, 
dix to the Seventh Quarterly Report. Plates were prepared in duplicate with 2, 5, 8 agd 1 2  
2 impregnations. The first series PF1 through PF4was cathodized at 150 mA/cm , the seconif PF5 
through PF8 at 300 mA/cm2. Considering theweight gain first, reproducibility from prepa ration 
was reasonable. Little distinction can be made from these data between the reproducibility or 150 
2 
mA/cm andat 300 mA/cm2. In general, there is better reproducibility for the A pieces (I .e., 
closest to the point of current takeoff). In addition to the final weight gains listed, we anay 
also assess reproducibility by comparing the weight gains for the whole plate at the end of 
each impregnation cycle for each plate preparation, e.g., we may compare the first five 
impregnations of PF3 with the five impregnations of PF2. The data for PF1 through PF4 $re 
presented in Fig. 5. The abscissae a re  offset to permit separate identificationof the curves, 
Good reproducibility i s  indicated by a horizontal line through equivalent points of the dif rerent 
curves. It is apparent that very good reproducibility is obtained in the first four cycles that 
we begin to see some deviation at the fifth cycle, and that quite considerable variation rs eb- 
2 
served for a greater number of cycles. However, forthose plates cathodized at 300 rnA 'cm , 
much better reproducibility is observed for the larger number of impregnations (Fig.. 6), 
The theoretical capacities listed in Table VIII were derived from the amount of ;a,:trve 
material present in the plates, determined a s  Ni(OH)2 by chemical analysis. Since the w a t e r  
content of the active material is found to vary from preparation to preparation (as discussed 
previously), these theoretical capacities for plates PF1 through PF4 show an anomaly in c'1a.t 
the value for PF4 is less than that of PF3. It would appear that the preparative condirions for 
PF4 were different from the rest of the series. This factor was also apparent in t h e  analysrs 
of reproducibility. The same trend was noted in the measured capacities. The capacity of 
3 PF3 of 0.35 Ahr/cm is typical of that for plates used in battery manufacture. The numoer of 
cycles to achieve this capacity, however, is greater than that normally required in corn -ncrcral 
practice probably because the extent of plaque corrosion (the corrosion product becomes posx- 
tive active material) is a lot less in the preparations considered here. This is because of the  
rapid handling of the plates and thus minimum contact time with the nitric acid. The utilizatron 
Table VIII. Capacity, Weight-Gain and Utilization - Fleischer Method, 
Positive Plates 
Active Material, g/crn2 
Impregnations ------? A B 
"Based on chemical analysis for Ni(0H) and a 1e charge discharge process. 
?Measured on piece A. 
NUMBER OF IMPREGNATIONS 
Fig. 5. Reproducibility of FleiscQer impregnation process -positive plates 
cathodized at 150 mA/cm 
Mg. 6. Reproducibility of Fleischer impregnation process -positive plates 
cathodized at 300 m ~ / c m 3  
figures a r e  somewhat surprising. Instead of showing a decrease with increasing loadirig, rile 
2 
values a r e  more or less independent of loading for the plates cathodized at 300 mA/cm . For 
2 the plates cathodized at 150 mA/cm , utilization increases with loading. 
B. Chemical Conversion - Positive Plates 
The data collected for positive plates prepared by chemical conversion are presenl ed 
in Table LX. Reproducibility of weight gain between the duplicate preparations was slightly 
better than the plates prepared by the Fleischer method. In comparing the weight gain pe-- 
impregnation cycle (Figs. 7 and 8), it may be noted that the plates prepared with the less 
concentrated impregnation solutions showed much better reproducibility. For the saturaecd 
impregnation solution, plate PC3 shows quite different characteristics from the rest of the 
group. The scatter in the remainder is slightly greater than that observed in the Fleischcr 
process. 
Uniformity of weight gain in a particular plate for the chemical conversion process 
proved to be better than that of the Fleischer method. No pattern in weight distribut-ioc ceuld 
be observed, and the uniformity improved with increasing number of impregnation cycies, 
For the most part, the spread in distribution was within 4%. In the better examples, the 
deviation from the mean value is less than rt 1%. 
Theoretical capacities were based on chemical analysis of the plates. For these plates 
the pattern of capacity and weight gain did not show the anomalies observed for the Fleischer 
process. Measured capacities were quite reproducible for the replicate plates. For the same 
number of impregnations, the capacities were higher than the comparable number for iP,e 
Fleischer process with saturation solution. This is due to the greater corrosion of the plaque 
that probably takes place during the drying of the plate after impregnation with the nickel 
nitrate-nitric acid solution. This fact was confirmed by the chemical analysis and is discussec 
in more detail later. 
Utilization of the active materials is again independent of loading, though it rs some- 
what lower for PC4. Note that utilization figures can be greater than 100% since they are  :meC 
on a 1-electron transfer per Ni atom in the active material. Since the charged state is no-1- 
stoichiometric, with an apparent valence greater than three, the actual valence change during 
charge and discharge can be greater than one. 
Though impregnation with the less concentrated solutions is attractive from a rnifcar- 
mity and reproducibility point of view, the specific capacity even after twelve impregnations 
is less than that normally used in practical cells. 
Table IX. Capacity, Weight-Gain and Utilization - Chemical Conversion, 
Positive Plates 
Active Material, g/crn2 Capacity, Ahr/cm 3 Number of , Utilization, 
Impregnations A B T h g r e t i c a r  Measured* % 
Saturated Ni (N03)  
50% Saturated Ni (N03)  
*Measured on piece A. 
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Fig. 8. Re reducibility of chemical conversion process -positive plates, v 50 o saturated impregnation solution 
C. Modified Fleischer Process - Positive Plates 
The modification to the process consisted of a drying step between impregnation v% ith 
the nitrate and cathodization in KOH. The weight gains recorded were slighrly greater thdrr 
the Fleischer process, as  were the measured capacities, but as  is apparent from Tahe :< 
both reproducibility and uniformity were not as  good. 
Table X. Capacity, Weight Gain and Utilization-Modified 
Fleischer Method, Positive Plates 
Active Material, g/cm Capacity, Ahr/cm 2 Number of lcitil?71ri0b~, 
Impregnations A B C Theoretical Measured .:' 3 
PCF2 5 0.0807 0.0932 0,0759 0.343 0,307 90 
PCF 3 8 0.11158 0.1061 0*11072 0.344 0.344 &B 
D. Electrochemical Method - Positive Plates 
The data obtained for positive plates prepared by the electrochemical method a rc  SLIIII- 
marized in Table XI. The uniformity of the loading was not good and for all excepa: the 4l1,/1 
solution the plates impregnated for 20 min were more lightly loaded thanthe PO-n~in peax s ,  
~,72(3L*elCS The few duplicate experiments carried out showed poor reproducibility. The specrf~c - 
were also quite low. Because of the poor uniformiv and reproducibility, the con~pletc s?ries 
of duplicates was not completed nor was the characterization of the plates carried out cc r173re- 
hensively. Instead attention was focussed on the recently reported high temperanlr e cl e c ~ - o  - 
chemical impregnation process, These studies will be presented in future reports, 
E. Fleischer Method - Negatives 
A summary of the data on negative plates prepared by the Fleischer process 1s given 
2 in Table XII. Plates NF1 through NNF4 were cathodized at  150 mA/cm and plates PJP5 t' -ough 
2 NF8 at  300 mA/cm . Reasonable reproducibility was obtained in the duplicate prczpara:: \\ns in 
most cases, the largest differences being observed in the low loading plates. These fig~i-cs 
must, however, be regarded more circumspecdy than those for the positive plates, ~11x38 PE 
these preparations the cathodic current can, in addition to reducing nitrate, convert cadmnum 
hydroxide to cadmium. Thus, the active material in the green plate is a mixture of cadrri~:m 
and cadmium hydroxide, the relative proportions in diaerent areas of the plate being del encleat 
on the current distribution across the plate. Under these circumstances, ~t is  to be cxpccted 
Table XI. Capacity, Weight Gain and Utilization - Electrochemical 
Conversion, Positive Plates 
Active Material, g/cm 2 Capacity, Ahr/cm 2 Time, Utilization, 
min A C Theoretical Measured % 
5 0.0202 (whole plate) 0.101 0.081 8 0 
10 0,0364 (whole plate) 0.1 26 0.104 8 2 
2 0 0.0631 0.0649 0.0671 0.228 0.166 7 3 
Table XII. Capacity, Weight-Gain and Utilization - Fleischer Method, 
Negative Plates 
Active Material, g/cm3 Capacity Ahr/cm 3 Utilization, 
A B C % 
Number of 
Impregnations 
150 mA/cm 2 
* Measured on piece A. 
2 
rhat there would be greater disparity between the figures for the 300 mA/cm preparations 
2 31an those for the preparations at  150 mA/cm . This is not apparent from the figures in 
Table XBI but if we examine the reproducibility in terms of the weight gain per impregnation 
2 
cycle ( Figs. 9 and l o ) ,  we note that at  150 mA/cm there i s  more scatter than was observed 
2 f ~ r  lhe positives and at  300 mA/cm considerable variations in weight gain occur. 
Because of the distribution of current density during cathodization, it i s  not possible 
ro assess the uniformity of the distribution of active material throughout a particular plate 
from the figures presented in Table XII. However, chemical analyses were carried out on 
Sections A and C of plates NF1 to NF4 to determine the relative amounts of cadmium and 
cadmaasdl hydroxide. These figures were then converted to give a value for the weight of 
cadmium per unit area in each section. The results derived from the chemical analyses a r e  
o~esented in Table XIII. As will be noted, excellent agreementwithone exception i s  obtained 
in terms of both uniformity and reproducibility a t  all loadings. Plate NF8 which had the 
largest total cadmium pickup gave a quite low capacity because of poor utilization. In general, 
the u~:ilization ranged from 68 to 79% without any apparent pattern. The capacities after five 
3 imprepations o r  more were in excess of the commonly used capacity of -0.4 Ahr/cm . The 
theoretical capacities listed in Table XI1 a r e  based on chemical analysis of the plate to define 
the total cadmium content. The measured capacities were reasonably consistent except for the 
most heavily loaded plates. 
2 Tabk XIII. Distribution of Cadmium g/cm -Fleischer Method, Negative Plates 
Number of 
Impregnations 
Cadmium, g/cm 2 
Section A Section C 
F . Chemical Conversion - Negatives 
The experimental measurements made on negative plates prepared by chemical con- 
version a r e  recorded in Table XIV. Plates NC1 through NC4 were prepared with saturated 
cadmium nitrate a s  the impregnation solution. Plates NC5 through NC8 were prepared with an 
impregnation solution of half-saturated concentration. Again apart from the plates that received 
only mis impregnation cycles, reasonable reproducibility was obtained between replicate 
Fig. 9. Reproducibility of Fleischer process - negative plates cathodlized 
at 150 r n ~ / c r n ~  
I I I 
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Fig. 10. Reproducibility of Fleischer process - negative plates cathodized 
at 300 rn&'crn2 
Table XIV. Capacity, Weight-Gain and Utilization - Chemical Conversion:, 
Negative Plates 
3 
Number of Active Material, g/crn2 Capacity, Ahr/cm Uriiizacion, / 
Impregnations A B L Theoretical Measured * % 
NCla 2 0.0655 0.0622 0.0668 0.295 0.170 58 
b 0.0583 0.0668 0.0669 
*Measured on piece A. 
samples, Note that in this case there is no ambiguity with respect to the stoichiometry of the 
active rna~er'eal (cadmium hydroxide). Comparison of the weight gains after each impregnation 
cycle (Fig, 11 and 12)  also indicates good reproducibility, possibly slightly better for the more 
concentrated solutions. 
Uniformity of the distribution of active material is  acceptable though the spread in 
values xs greater than those observed with the positive plates and with the negatives prepared 
by the Fleischer method. 
8SL- - Electrochemical Method - Negative Plates 
The  data obtained for negative plates prepared by electrochemical impregnation a r e  
set our in Table XV. It i s  more difficult to assess the uniformity of the process from the 
weight per unit area of different sections because of the partial conversion of the hydroxide 
TO snetslllrc cadmium. The extent of the conversion could vary from area to area because of 
a nonuniform distribution of current density. The analyses showed a consistent conversion 
factor for a particular current density but all the measurements were made on the same sec- 
sion of each electrode. The recorded weight gains, however, show a random pattern as  a 
luncti~n of section which leads one to believe that the observed spread is a result of the 
inherent nonuniformity of the method as  practiced. It is believed that a higher degree of uni- 
formity is possible with better control of the factors involved. Note that control of this pro- 
cess is more complex than the chemical o r  Fleischer processes because of the larger number 
of variables involved. We have opted to study the control of these factors for electrochemical 
i~nprepaeion at high temperatures. This will be reported on in the future. 
H, Comparative Analysis of Impregnation Methods - Positives 
I. Weight gain and capacity 
A plot of weight gain and capacity against the number of impregnations for each 
preparation is presented in Fig. 13. The highest loading and highest capacity a r e  obtained with 
the chnrnical conversion process using saturated solutions. The lowest loading and capacity 
also were observed for the chemical conversion process using less concentrated solutions. 
F r o r  this, w e  may infer that control of this process is quite dependent on control of solution 
concentratiorn, This remark is  probably equally true of the Fleischer process though we do 
not have the data to confirm it. 
The two sets of plates prepared by the Fleischer process do not show a marked depen- 
ciance on current density, though the higher current density does produce a slightly higher 
loadi~rg and slightly greater capacity for the same number of impregnations. 
Of greater interest, however, a r e  the capacities at equal loading that can be derived 
From ~hepls t s  in Fig. 13. These a r e  presented in Table XVI. At loadings of 4.0 and 6.0 g/plate, 
the capacities a r e  almost identical and moreover the Ahr/g figure of 0.04 applies to all four 
preparations up to a loading of 6.0 g plate. Thus, the choice of method of positive plate 
NUMBER OF IMPREGNATIONS 
Fig. 11. Reproducibility 'of chemical conversion process -negative pla:es 
prepared with saturated impregnation solution 
NUMBER OF IMPREGNATIONS 
Fig. 12. Reproducibility of chemical conversion process -negative plates 
prepared with 50% saturated impregnation solution 
Table XV. Capacity, Weight Gain and Utilization - Electrochemical Conversion, 
Negative Plates 
Active Material, g/cm 2 Capacity, Ahr/cm 2 Time, Utilization, 
min A B C % 
FLEISCHER METHOD 
o 150 mA/crn2 
e 300mA/cm2 
CHEMICAL CONVERSION /[A A 
A SATURATED Ni (NO3I2 
- A 50°h SATURATED Ni (NO3I2 i J 
NUMBER OF IMPREGNATIONS 
Fig. 13. Comparison of weight gain and capacity for Fleischer and chem- 
ical conversion methods - positive plates 
preparation may be made entirely on the basis of which method gives the most uniform and 
reproducible product. It is therefore possible to choose an optimum number of impregnations 
and solution concentration to give the desired loading. The optimum number of impregnation 
cycles can be expressed in terms of a sufficient number to produce the desired leveling effect 
without being so great that the probability of a nonsystematic error is unnecessarily large. 
Table XVI. Capacities in ~hr /cm '  at Equal Loading - Positive Plates 
Loading, g/plate 4.0 6.0 
Chemical Conversion 
Saturated Ni(NO3) 2 
50% Saturated Ni(NO3) 2 
Fleischer Method 
*Projected figures. 
Electrochemical impregnation at room temperature did not give plates of uniformity and 
reproducibility comparable with either the chemical conversion or  Fleischer process. This 
situation will be reexamined when the high temperature electrochemical impregnation process 
has been fully evaluated. 
2. Miscellaneous factors 
It is of interest to examine some of the incidental facts that can be derived from 
the data collected. For example, it is apparent (Table XVII) that there is more plaque corro- 
sion during chemical conversion than in the Fleischer process (Table XVIII) . Two factors 
probably influence this effect. m e  drying step of chemical conversion in essence involves 
prolonged contact with nitric acid at elevated temperatures. Also the cathodization associated 
with the Fleischer process maintains the plaque at a potential where no corrosion of nickel can 
take place. During chemical conversion, any oxygen present during the KOH treatment can 
induce corrosion of the nickel plaque where it is not fully protected by a passive film. The 
apparent decrease in plaque corrosion with increase in the number of impregnation cycles is 
probably an artifact relating to the sensitivity of the analytical procedures. 
This latter comment also applied to the determination of the water content of the active 
material (Table XVII and XVIII) , though it does appear that the water content of the Fleischer 
Table XVII. Plaque Corrosion - Water Content and Surface Area, Positive Plates, Fleischer Method 
Number of Plaque Water Content Surface Area, 2 Utilization Impregnations Corrosion, % of Active Material, % m /g active material % 

2 2 plate.; prepared at  150 mA/cm is greaterthanthose prepared at 300 mA/cm . There is also 
a link bemeen water content and utilization. Those plates with a high water content also 
showed the hrghest utilization factor. 
Lastly, we may make a comparison of the surface area of the active material in 
2 
various plates. Expressed in terms of m /g of active material, the surface area decreases 
3 1 
as :he loadrng increases (Fig. 14). This behavior is different from that of Jost and Rufenacht 
ivho claimed no decrease in surface area as  the loading was increased. However, this differ- 
ence could be related to the morphology of the active material. The morphological differences 
associated with the two different methods of preparation a r e  apparent in Fig. 14 in that two 
distinct groupings of points can be discerned. 
A brief examination was made of the effect of thickness on reproducibility and uniform- 
,@* The results a r e  presented in Table XIX. The thicker plaque gave better uniformity but it 
Ts consicjeretd that this probably reflects the difference in quality of plaques rather than any 
3 fu~darnenta4 effect. The measured capacities in Ahr/cm were quite uniform. 
I, Comparative Analysis of Impregnation Methods - Negatives 
A cornparison of weight gain and capacity for the different conditions of negative plate 
preparation is given in Fig. 15. Up to a loading of 14 g/plate, the chemical conversion 
process with saturated cadmium nitrate provides .the greatest weight gain. At higher 
loadings, however, the Fleischer method in which some of the cadmium hydroxide is reduced to 
:he rlore dense cadmium metal provides a greater void volume in the plate so that it is able to 
~ i c k  ug more active material. This pattern is reflected in the capacities also. A surprising 
2 feature 1s that in the Fleischer process the cathodizing at  150 mA/cm is  more efficient in 
2 terms of weight gain than cathodizing at  300 mA/cm . This could be related to the rate of gas 
formation in the pore structure. 
Table XIX. Capacity, Weight Gain, and Utilization as  a 
Function of Thickness 
Weight of Active Material, g/cm Capacity, Ahr/cm 3 Thickness, 
/ I 
c m  A 7 C Utilization, % 
A CHEMICAL CONVERSION 
FLEISCHER METHOD 
CHEMICAL CONVERSION, SATURATED SOLUTION a 
FLEISCHER METHOD 
I10 - 
90 - 
70 - 
50 - 
0.02 0.04 0.06 0.08 0.1 0 0.1 2 0.14 
WEIGHT OF ACTIVE MATERIAL cJ/crn2 
Fig. 14. Surface area as  a function of weight gain 
FLElSCHER METHOD 
Q 150 r n ~ / c r n '  
s 3 0 0  r n ~ / c r n ~  
NUMBER OF IMPREGNATIONS 
Fig. 15. Comparison of weight gain and capacity for Fleischer and 
chemical conversion methods - negative plates 
However, in terms of the specific capacities at  equal loadings ( Table XX) , the 
2 2 300 mA/cm figure for a 10-g loading is higher than the 150 mA/cm and slightly higher than 
the chemical conversion. This is probably a result of differences in the morphology of t5e 
active material which is of greater importance than in the case of the positive active material, 
2 Any advantage in the Fleischer process at  300 mA/cm in this respect will more than likely 
be offset by the much better reproducibility observed with the lower current density or  in the 
chemical conversion process. 
3 Table XX. Capacities in Ahr/cm at Equal Loading - Negative Plates 
Loading, g/plate 4.0 6.0 10,O 16,O 
Chemical Conversion 
Saturated Cd(NO3) 2 
50% Saturated Cd(N03) 2 
Fleischer Method 

V. CONCLUSIONS 
The stated objectives of this phase of the program were to define systematic procedures 
for the preparation of uniform and reproducible nickel cadmium battery plates. In an ongaing 
program with further evaluation of these components, i t  i s  perhaps premature to be too definite 
at  this stage. However, the work presented above cannot be allowed to stand without the salient 
features being summarized. Based on the above data, using the experimental techniques prac- 
ticed at  Tyco, i t  would appear that of the three processes considered the chemical conversion 
process provides the most reproducible and uniform materials. The negative plates may be 
prepared most conveniently using saturated cadmium nitrate solution for impregnation, Tor 
the positive plates, the less concentrated impregnation solution provided the more uniform 
and reproducible plates though an inordinate number of impregnations would be required to 
reach normal specific capacities. The electrochemical impregnation method is consiclerlxbiy 
less reproducible than the other methods but it is probable that not all the controlling varl ables 
were kept constant. 
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APPENDIX I. Analvtical Procedure for Negative Plates 
The analytical procedures described in the main text of this report were directed ar the 
specific objectives of the program, i.e., the determination of the total quantity of active 
material present in the plate so that we might define utilization. In many cases, the analyses 
were carried out on plates in the discharged state after formation, also we were rarely in - 
terested in the relative amounts of material in the charged and discharged states, The sigif t-  
cance of these two factors is that there was no restriction on handling the plates in air and ~ h a r  
the quantity of metallic cadmium in the plates a t  the time of analysis was usually srnal,  Under 
these circumstances, the color changes observed during the complexometric titrations as 
described in this report may not be typical of those in thepresence of larger quantities of 
metallic cadmium. 
We will therefore describe in detail the procedures as  they were practiced in this prs- 
gram and indicate the modifications that might be required in the analysis of charged plates, 
Studies of the procedures for charged plates a r e  currently being made at NASA Goddard, These 
will be described in a forthcoming NASA Goddard X Document. 
In principle, the method used provides for the separate determination of the charged 
and discharged states of the negative plates. The discharged state is  first  dissolved in a solu-. 
tion of ammonium chloride and ammonium hydroxide and then determined by EDTA titration, 
The metallic cadmium remaining in the plaque is  then dissolved along with thenickel in nitric 
acid and the cadmium determined by EDTA titration according to the following procedures," 
(Although EDTA can be considered as a primary standard, it is probably more convenient ro 
standardize against a known cadmium solution.) 
Principle 
Cadmium hydroxide, the discharged state of a negative electrode, is extracted into a 
solution of ammonium chloride and ammonium hydroxide. Metallic cadmium, the charged 
state, remains in the nickel plaque. The amount of charged cadmium is  determined after acld 
solution. 
*These procedures a r e  reproduced from a copy of a report of Dolores Moore provided 
to us by Dr. A. Fleischer. 
(1) Standard Cadmium: 1 ml. = 2.5 mg. cadmium. Dissolve 4.077125 grams 
anhydrous cadmium chloride in water and dilute to 1 liter. 
( 2) EDTA Solution .05M: Dissolve 18.6 grams disodium ethylenediamine- 
tetraacetate in distilled water and dilute to I liter. For a .01M EDTA 
solution dilute 100 ml. .05M ElDTA to 500 ml. with distilled water. 
( 3) Buffer (Mussprat Solution) : Dissolve 54 grams ammonium chloride in ap- 
proximately 300 ml. distilled water. Add 350 ml. ammonium hydroxide and 
dilute to 1 liter with distilled water. pH = 10. 
( 4) 10% Formaldehyde Solution: Dilute 28 ml. 36% formaldehyde to 100 ml. 
with distilled water. 
( 5) 10% Sodium Cyanide Solution: Dissolve 25 grams sodium cyanide in 250 
ml. distilled water. 
( 6 )  Eriochrome Black T: Mix 0.125 grams Eriochrome Black T with 50 grams 
sodium chloride. 
Standardization of EDTA Solution 
--- 
Transfer known amounts of cadmium to 250 ml. beakers. Dilute to approximately 100 
mll, !/,iiith disitillied water. Adjust the pH to approximately 10 with ammonium hydroxide. Be- 
fore removing the sample from the pH meter, add 10 ml. buffer and s t i r  sample. Remove 
sample ana. add 5 rnl. 10% sodium cyanide. Place beaker on a magnetic s t i r re r  and add enough 
Eriochrorne Black T to impart a medium blue color to the sample solution. Add sufficient 10% 
formaldehyde solution until a wine-red color is obtained and add approximately 1-2 ml. in 
exce;s, T ~ t r a t e  immediately with EDTA solution until a permanent blue color is  obtained. 
CaIc~Jate EIXA factor, milligrams of cadmium per milliliter of EDTA. 
::admiurn Hydroxide - Discharged State 
- 
( 1) Samples containing approximately 1 gram cadmium hydroxide: 
Weigh the samples to be analyzed. The samples should be free of electrolyte 
and dry, Add P O  grams ammonium chloride to approximately 200 ml. distilled water in a 400 
d, B~aker, Heat the solution to approximately 70-80 "C. and add 75 ml. ammonium hydroxide. 
Place samples in their respective beakers. Continue heating for 2 hours a t  70-80 "C. with 
accasisnal stirring, adding 25 rnl. ammonium hydroxide after the first hour of extraction to re -  
place: that which i s  lost by evaporation. (See Note 1). Cool and transfer the extract to a 500 
ml, volumetric flask. Wash nickel plaque and transfer washings to flask. Dilute to volume 
with distilled water. Save nickel plaque for analysis in Section B. Transfer an aliquot to a 
250 ma, beaker and dilute to approximately 100 rnl. with distilled water. Adjust the pH to 
appr3xirnately 10 with ammonium hydroxide and proceed as  for the standardization of EDTA. 
(See Note 3 ) .  Calculate the amount of cadmium present in the discharged state. 
( 2) Samples containing 1 - 4 grams cadmium hydroxide: 
To 600 ml. beakers add approximately 400 ml. distilled water and 10 graxs  of 
ammonium chloride for each gram of cadmium hydroxide present in the sample. A rougT~ 
estimate of the amount of cadmium and cadmium hydroxide in a sintered plaque is obtaaned 
by multiplying the weight of the electrode by 50%. Heat the solution to 70-80 "C. and add 
100 ml. 28% ammonium hydroxide. Place samples in respective beakers. Continue heating 
at  '70-80" with occasional stirring for approximately 2 hours. After one hour of extraction add 
50 ml. ammonium hydroxide. (See Note 1.) Samples containing 3 o r  4 grams caulmiurn hy- 
droxide must be extracted twice with a fresh solution of ammonium hydroxide and a~nrncprtium 
chloride. Transfer the extracts to a 1000 ml. flask, wash the nickel plaque with distilled water 
transferring the washings to the flask. Dilute to volume. Transfer an aliquot to a 250 n-4, 
beaker and proceed as for standardizationof EDTA. (See Note 3.) Calculate the amount of 
cadmium present in the discharged state. 
( 3) Samples containing more than 4 grams cadmium hydroxide: 
Weigh the electrode to be analyzed. It must be free of electrolyte dry,  Cue- 
a sample containing 1-4 grams cadmium hydroxide from the electrode and weigh the sarnple, 
Proceed as  described above. Calculate the percent by weight of cadmium in the sample p ~ r t i o n ,  
Percent Cadmium = Wt. cadmium X 100 
Sample wt. 
Calculate the total cadmium in the electrode in the discharged state. 
Total Cd in discharged state = weight electrode Xpercent cadmium 
B. Cadmium - Charged State 
Dissolve the nickel plaque loosely broken up by hand and separated from the scresn or  
perforated sheet substrate in 1: 1 nitric acid. Evaporate to a syrupy consistency to ren~cve  the 
majority of the excess acid. (Note 2.) Dissolve the sample in distilled water. Cool and driure 
to a suitable volume. Transfer an aliquot containing no more than 0.5 gram of nickel TO z 
250 ml. beaker (approximately 50% of the weight of the electrode containing a sinkered p:aque 
is nickel). Dilute to approximately 100 ml. with distilled water and adjust the pH to appro- 
ximately 10 with ammonium hydroxide. Before removing the sample from the pH meter, add 
10 rnl. buffer and stir. If the sample remains cloudy, add an additional 10 ml. of buffer, 
Remove sample and add 5 rnl. 10% sodium cyanide for 0-0.5 grams nickel and 5 r d ,  for each 
addition 0.1 gram of nickel present. Place sample on a magnetic s t i r rer  and add enough 
Eriochrome Black T to give a medium blue o r  green color to the sample solution. The color 
depends upon the amount of nickel present. Add enough 10% formaldehyde to liberate 
the cadmium (wine-red color) and approximately 1-2 rnl. in excess. Titrate immediately 
3 , v i t ' ; i  standa-t-d EDTA solution until a permanent blue or  green color is obtained. (Note 3.) 
Galcedate B e  amount of cadmium present in charged state. 
G dculatron 
( 1) EDTA factor = mg. cadmium 
mQ EDTA 
( 2) Cadmium in discharged state: 
ml. EDTA X EDTA factor Y volume of s a m ~ l e  
ml. of aliquot 
( 3) Cadmium in charged state: 
ml. EDTA X EDTA factor X volume of sample 
ml. of aliquot 
( 4) Percent cadmium in discharged state: 
Cadmium in discharged state 
(Cadmium in discharged state +cadmium in charged state) 
( 5) Percent cadmium in charged state: 
Cadmium in charged state 
(Cadmium in discharged state 4- cadmium in charged state) 
( 6) Cadmium hydroxide in discharged state: 
Grams cadmium in discharged state X 1.30264. 
Note 1: 
--- 
The solutions of samples in section A must not be allowed to lose all their excess 
ammonium hydroxide, since the charged cadmium will be attacked. 
Note 2: 
-.-- 
The samples to be analyzed in section B must be free of excess acid. 
Excessive additions of reagents must be avoided. 
Note 4: 
--- 
If only total cadmium is to be determined eliminate section A and proceed as in section 
B. Alternate method: Discharge the cadmium completely at the 0.50 rate by cont1nu:ng the 
discharge for 15 minutes after gassing begins. Wash the electrode free of eleclrolyee, J I ~  
at  60" overnight, weigh and proceed as  in section A eliminating section B. After er:rr;clton 
wash plaque well and dry at  60 O C. overnight. The amount of cadmium hydroxide rs detcrrni-nz" 
by weight difference. 
For  analysis of plates in the charged state, the following additiondl precautio3s rre 
necessary. From the time the plate is  removed from the cell it must be kept oult of GOiZrLl i t  
with air. Washing should be carried out with deoxygenated water and drying and weighi17g ca:- 
ried out in an inert atmosphere. Similarly the extraction in Mussprat solution must be , al-ricd 
out with N2 bubbling through the solution. After the dissolution of the Cd(0H) 2, tisere r . ro 
further requirement to protect the metallic cadmium from oxidation and the plaque may be 
handled in air. There is the possibility that the metallic cadmium could be in a sufficic,ltly 
finely divided state to be pyrophoric. Should the plate bum there could be significant 1xses 
of cadmium. It is  probably advisable to arrange slow exposure to a i r ,  e.g., by allowing slow 
drying at room temperature. 
A further complication with plates based on a nickel plated iron substrate is tine pre- 
sence of iron in solution during the analysis for metallic cadmium. In the small number oi 
analyses of this type that we have carried out, we have separated the porous mass from t te  
substrate prior to dissolution in nitric acid. This does not eliminate iron completely but Lijle 
residual amount is easily removed by filtration of the precipitate formed when the p H  is firsr 
adjusted to 10. There a r e  indications however that larger quantities of iron, i,e,, :he arnounrs 
present if the substrate is  not separated physically, a r e  not removed completely Fay the  I m v e  
procedure and produce complications in the color changes in the EDTA titration of caclrnirin?, 
This aspect will be discussed in detail in the Goddard X Document. 

APPENDIX 11. Analytical Procedure for Positive Plates 
The following i s  a step by step procedure for the analysis of positive plates ir: tll;: 
discharged state. The active material is extracted under controlled potential conci~trons 
s o  that the nickel substrate i s  not attacked. In addition to the weight loss of the plaque, 
the total quantity of nickel extracted is determined by gravimetric analysis. This perrnrts 
the calculation of the water content of the active material by the difference betweea rile 
weight loss on extraction and the quantity of Ni(OH);! determined gravimetrically A c o x -  
parison of the weight per unit a rea  of the plaque after extraction with the equivalent f lg~rre 
for  the plaque prior to impregnation provides a figure for the extent of plaque coi-roseon 
during impregnation and cycling. 
The plate to be analyzed is weighed and i ts  geometrical area  measured. The ssze 
of sample is  chosen such that Ni(OH)2 content i s  of the order of 0 .5  g (typically ~3 cm2 of 
0.030-in.-thick plate). A long nickel tab is then attached to the sample to the exilscing tzb  
o r  a previously prepared a rea  of exposed screen o r  perforated sheet. The sample is  then 
weighed again to permit the calculation of the weight loss on extraction without atsernpel,lg 
to detach the nickel tab. 
The extraction of the active material is carried out in Mussprat solution, the con?- 
position of which is defined in Appendix I. Approximately 200 ml  of solution a r e  placed In 
a 250 ml  four-necked flask and heated to 70°C under a N2 atmosphere. To  pernakt ex- 
traction under controlled potential conditions, a counterelectrode of platinum gauze and a 
dynamic hydrogen reference electrode a r e  se t  up in the four-necked flask. [The concep~, 
fabrication and mode of operation of the dynamic hydrogen electrode a r e  described by 
Giner in J .  Electrochem. Soc., - 111,377 (1964)l. 
The sample is introduced into the solution and its potential controlled at 25 mV 
positive to the dynamic hydrogen electrode with a potentiostat. The solution quickly as"h1rlles 
a blue color and after 1 hr  is replaced with a fresh solution prepared in an identical man- 
ner to the routine described above. Nitrogen is  bubbled briskly through the solution dul-ing 
the extraction to sweep out the small quantities of oxygen produced at  the countei-electrode. 
One replacement of the Mussprat solution i s  usually sufficient to extract all the active 
material.  However, fo r  complete certainty, a third solution should be used to dec-erinlle 
if there is a further loss in weight of the plaque. 
The extraction solutions can normally be combined in a 500-ml volumetr~c flask 
After dilution to a known volume, samples of the solution a r e  analyzed for their n~cke i  
content using dimethyl glyoxime (DMG). The total nickel extracted from the place can tnen 
be calculated. The plaque is also weighed after washing and drying. 
W e  may then calculate the following: 
1. % Wt loss on extraction = Weight loss , 
Sample weight 
2.  % Ni(OH)2 in active material 
- 
Wt of Ni(OH)2 calculated from DMG determination 100 
Weight loss by extraction 
3 .  % H20 in active material 
- 
Wt loss on extraction - wt Ni(OH)2 100 
Weight loss by extraction 
4, % Plaque corrosion 
- 
- Wt/unit area before impregnation-Wt/unit area after extraction 
Wt/unit area before impregnation 
